The appropriate size of the representative volume element (RVE) for filled rubber composite is investigated where the volume fraction of the filler is about 20%. The micro structures of the composite are obtained by the measurement with 3-dimensional transmission electron microscope tomography (3D-TEMT) at resolution of about 1nm in each direction. Numerical simulations of static elongation have been conducted by finite element method (FEM) with various sizes of RVEs where the FEM models are created by applying voxel technique to the measured data. A highly parallelized FEM program, FrontISTR, and up to 4096 cores of K computer are utilized because the largest FEM models have nearly 200-million degrees of freedom (DOFs). Two different filler dispersion states of the composite material are examined. ) measured the nano-scale structures of filler aggregates by 3D-TEMT. Akutagawa et al. (2008) numerically analyzed the elastic mechanical response of the captured structures by finite element method (FEM)
Introduction
Filled rubber is one of the most widely used materials in engineering products such as tires, conveyor belts, seismic isolators, and etc. Enhancing the mechanical properties of this material can contribute the society through the products with improved performances. For example, increasing the elastic modulus of rubber can improve the stiffness of tire tread blocks which is important for the handling performance of a vehicle. Also, decreasing the visco-elastic loss of it can reduce rolling resistance of tires which has a significant effect to the fuel consumption of a vehicle. Filled rubber is a nano-scale composite material composed of matrix polymers, fillers and some chemical agents. Usually the matrix material is made of natural or synthetic rubber polymer, and the filler is made of carbon black or silica. The mechanical properties such as elastic or visco-elastic responses of this material are determined by interactions between such nano-scale constituents. Because filler particles in rubber compounds aggregate together to build complex and random structures, high resolution nearly 1 nm is required to capture the structures precisely. Kadowaki, Hashimoto, Okuda, Higuchi, Jinnai, Seta and Saguchi, Mechanical Engineering Journal, Vol.3, No.5 (2016) [DOI: 10.1299/mej. In this paper, our focus is to investigate the appropriate size of RVE for filled rubber with 20% filler volume fraction. In order to evaluate the appropriate size of RVE, we need a reference solution with sufficiently large domain size. Thus we conducted FEM analyses with various sizes of domain up to 770 x 820 x 117 nm, which we call "the reference domain size". The nominal stresses of RVEs are compared with measurements. Because the FEM model size becomes nearly 200 million degree of freedoms, the computations are conducted with FrontISTR which is a highly parallelized FEM program, and with up to 4096 cores of K-computer. Basic idea of parallel FEM employed in FrontISTR is found in Hashimoto and Okuda (2014) , Kushida and Okuda (2014) , Okuda and Yagawa (2005) , Okuda et al.(2003) , and Nakajima and Okuda(1999) . Program sources and related information can be found in the web site of FrontISTR Forum (Okuda, 2015) .
In section 2, we describe the filler structure data for filled rubber measured by 3D-TEMT (Jinnai et al., 2007 , NEDO, 2012 and how the FEM analysis models are created. In section 3, the element formulation is explained which can avoid the volumetric locking behavior due to the incompressibility of the matrix material. In section 4, large scale FEM analyses for the reference domain size are shown with the performance on K-computer. In section 5, elastic responses of RVEs with various sizes are compared with measurement data to investigate the appropriate size of RVE. In section 6, we discuss the reason of appropriate size of RVE and the gap between FEM analyses and the measurements. In section 7, summary and concluding remarks are given.
Figure 1
One section of a filled rubber composite measured by 3D-TEMT is shown. Filler volume fraction is about 20%. White pixels show the filler part and black pixels show the matrix polymer part.
FEM models of filled rubber composite
Two different sets of filler structures, Filler Structure A and B, are prepared. Filler Structure A shows conventional dispersion and Filler Structure B shows more uniform dispersion of filler particles (Fig. 2) . Filler volume fractions of 2 with the choice of the area for analysis. Also, FEM analyses with coarse resolution yields stiff responses because they cannot capture the narrow gaps between filler aggregates. Figure 1 shows one section of filled rubber with about 20% filler volume fraction measured at resolution of 1nm by H. Jinnai, who is one of the authors. One can find that (1) the resolution should be nearly 1nm because the distances between filler aggregates are several nanometers, and (2) the domain size should be as large as several hundred nanometers because the distributions of filler particles are non-uniformly located. Other researchers also take the analysis domain size which is larger than that of Akutagawa et al. (2008) . For example, Kishimoto, et al. (2013) chose the domain size 459 x 712 x 489 nm for their FEM analysis of filled rubber. Kishimoto (2015) estimates the representative volume size as 350 x 350 x 350 nm for their coarse-grained molecular dynamics analysis considering the size of secondary aggregate of silica filler. Koishi (2015) and Koishi et al. (2015) chose the domain size as 1000 x 1000 x 1000nm for their analyses. However there are scarce works which investigate the size of RVE systematically and quantitatively. these structures are 20.5% and 23.0% respectively. Their 3D structures were measured by 3D-TEMT. The size of the domain is 770 x 820 x 117 nm, and the resolutions are 850 x 850 x 91 pixels. FEM models are created by so-called voxel meshing technique. In this case one pixel of the images is converted to one voxel, which is an 8-noded hexahedral finite element ( Fig. 3) . Therefore the FE model is composed of 850 x 850 x 91 elements and 851 x 851 x 92 nodes. Because each node has three DOFs, the total number of DOFs becomes nearly 200 million. 
Element formulation for nearly incompressible material
Rubber is known to be a nearly incompressible material. When we analyze such material by FEM, we need to use a y x z y x z Kadowaki, Hashimoto, Okuda, Higuchi, Jinnai, Seta and Saguchi, Mechanical Engineering Journal, Vol.3, No.5 (2016) [DOI: 10.1299/mej.16-00372] special element formulation to avoid volumetric locking. The boundary condition applied to the RVE in this research is uniaxial stress condition which does not cause volumetric locking in a macroscopic view. However, there are highly constrained areas inside the composite where volumetric locking may occur, especially in narrow matrix polymer regions between fillers. Thus, u/p mixed formulation element (Sussman and Bathe, 1987) is implemented for FrontISTR and compared to B-bar method (Hughes, 1980) which is the default element in this FEM program. Because authors followed the formulation of Sussman and Bathe (1987) , only the choices of strain energy functions are briefly explained in this section. Let 1 2 3 , , and I I I be the first, second and the third invariants of the right Cauchy-Green deformation tensor defined by the deformation gradient, F , as:
In order to separate the isochoric deformation and volumetric deformation, this formulation utilizes the reduced invariants 12 , , and I I J defined as follows: 
where 00 and GK are shear modulus and bulk modulus at the non-deformed state respectively. The material response for this strain energy density function are computed at 2 x 2 x 2 integration points for a 8-node hexahedral element assuming that hydrostatic pressure is constant over the element. The performance of this element is tested with a beam bending problem shown in Fig. 4 with various Poisson's ratios shown in Table 1 . The parameters 10 C and 01 C are obtained from uniaxial tension experiment of unfilled SBR polymer. The domain is discretized by 82  elements. Figure 5 shows the results of both B-bar formulation and u/p mixed formulation. The displacements at the loading point, P, are normalized by the solution which is obtained with a finely discretized model ( 400 100  elements) where both formulations yield almost identical result without any clear locking behaviors. One can find that u/p mixed formulation does not show any locking behavior in these analyses whereas B-bar formulation exhibit locking behavior when Poisson's ratio is larger than 0.499. 
FEM computation for the entire domain of the measured data as the reference size RVEs
The FEM models of the reference domain size shown in section 2 are analyzed by the FEM program FrontISTR. Matrix polymers are modeled by implementing the elements with u/p mixed formulation explained in section 3. The material parameters for filler and matrix are shown in Table 2 . The entire domain is stretched in the y-direction shown in Fig. 2. Figure 6 shows the distribution of the first principal strain when 5% nominal strain is applied. Because the dispersion of filler in Filler Structure A is relatively non-uniform, one can find small strain level in the region where filler particles are sparsely distributed, whereas one can find high strain level between fillers where filler particles are densely distributed. On the other hand, strain is more uniformly distributed for filler structure B because of the uniform Kadowaki, Hashimoto, Okuda, Higuchi, Jinnai, Seta and Saguchi, Mechanical Engineering Journal, Vol.3, No.5 (2016) [DOI: 10.1299/mej.16-00372] dispersion of filler particles.
Because the total number of DOFs is nearly 200 Million, K computer developed by RIKEN is utilized. Table 3 shows the computational performance measured on K computer with the domain size of 850 x 850 x 91 elements. More than 2TFLOPS and 60% parallel efficiency have been attained. As the number of cores is increased, the ratio to the peak performance decreases. The reason is that, as the number of cores increases, the amount of calculation per core decreases and communication between cores increases. 
Investigation of the RVE size
In order to investigate the appropriate RVE size for filled rubber of 20% filler volume fraction, FEM analyses have been conducted with various sizes of RVEs. The size of FEM models explained in section 4 is set as the reference domain size (770 x 820 x 117 nm). Then, keeping the resolution of the analysis, this FEM model was divided into 2 x 2 sub-models in the x-and y-directions allowing some overlaps between each sub-model which is shown in Fig. 7 . In this case, one sub-model is the size of 544ｘ579 x 117nm and it is considered as the RVE. Note that the length in the z-direction of the domain was kept constant in order to avoid getting a model size smaller than 90nm in one direction. In the same manner, the FEM model of the reference domain size was divided into 3 x 3, 5 x 5, and 10 x 10 sub-models shown in Table 4 . In this table, the sizes of RVE are defined according to the approximate sub-model size such as 800nm, 560nm, and so on. Figure 8 shows the elastic response of the composite FEM models with various RVE sizes. The plots for 90, 190, 370, and 560nm are the average of the partially overlapped RVEs of the same size. Firstly, one can notice that larger RVE can predict more accurate response of composites. Secondly, one can notice that the responses of Filler Structure A, conventional dispersion, tend to divert from that of the reference domain when the RVE size is smaller than 370nm. On the other hand, the responses of Filler Structure B tend to divert less than those of Filler Structure A, because the dispersion is more uniform in this structure. Although there is a gap between measurement and FEM prediction in the absolute value of the stress, the relative value shows good coincidence when the RVE size is above 370nm (Fig. 9 ). 
Discussion
We note that the previous section investigates the appropriate RVE size for filled rubber of about 20% filler volume fraction. When the RVE size is smaller than 370nm, FEM yields higher stress than that of reference domain size for the phenomenon is that the RVE size is not large enough compared to the size of filler aggregates and both sides of RVEs are connected by stiff filler material. Figure 10 shows the distribution of the stress of each RVEs of 90nm at 5% strain for Filler Structure A and B. For both Filler Structures, a majority of data distributes within a small deviation from a peak value. The peak values locate between 0.2 and 0.25 MPa, which coincides with the results of the reference domain size. The small deviation from the peak values can be explained by the fluctuation of filler volume fraction among RVEs. However, for Filler Structure A, a notable portion of the data shows much higher stress. For example about 10% of the RVEs yield more than 1MPa. It cannot be explained by the filler volume fraction. Because of these high stress data, the average stress of Filler Structure A largely deviates from that of reference domain size. Figure 11 shows two of the 90nm-sized RVEs for Filler Structure A which yield the highest and the second highest stress values. One can find that the both sides of the RVEs are connected by stiff filler material in the loading direction and it makes the RVEs very stiff. As the RVE size becomes smaller and as the filler aggregate becomes larger, these stiff RVEs are found more frequently and it makes the average stress higher.
Even though the RVE size is larger than 370nm, the absolute values of stress obtained by FEM analyses are about 40% higher than the measurement. One possible reason for this discrepancy is the simplified FEM modelling of the filler-matrix interfaces. In the FEM model of this study, filler and matrix are perfectly bonded by sharing the same node. However it is known that there exist slips and separations on the interfaces in molecular scale. In order to reduce the discrepancy between FEM and measurement, one possible remedy is to develop a more precise interface model so that slips and separations are incorporated in the analysis.
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Filler Structure A. For example the stress is 200% higher when RVE size of 90nm is taken. One reason for this Figure 10 Histogram of nominal stress values at 5% strain for RVEs sized 90nm Figure 11 Filler structure of 90nm size RVEs, which yields the highest and the 2nd highest stress for Filler Structure A. The nominal stress values are 1.7MPa and 1.6MPa for the left and the right model, respectively.
Summary and Conclusions
The appropriate size of RVE is investigated for filled rubber composite with 20% filler volume fraction. FEM analyses are conducted over various sizes of RVE sizes up to 770 x 820 x 117 nm with the resolution of about 1nm in each direction. It is found that about 370 nm is required to obtain the representative elastic response. When the size of RVE is smaller than that, the average stress of RVEs may become higher than that of larger RVEs. It is because a filler aggregate connects both sides of the RVEs in the loading direction in a considerable portion of RVEs. There is a good coincidence in the relative value of stress between two different dispersion states. However, there is a discrepancy between predictions and measurements in the absolute value of the stress even though one takes a sufficiently large size of RVE. One reason for this discrepancy is that filler material and matrix material are perfectly bonded in the FEM model of this study. Further research with more precise interface models is needed to explain this.
The conclusions in the previous paragraph can only be made with reference solutions obtained by sufficiently large Kadowaki, Hashimoto, Okuda, Higuchi, Jinnai, Seta and Saguchi, Mechanical Engineering Journal, Vol.3, No.5 (2016) [DOI: 10.1299/mej. analysis domain. The model size for these reference solutions becomes nearly 200million DOFs and it can only be solved by high performance computers with several thousands of CPU cores. We conducted those large scale analyses with 4096 cores of the K-computer. More than 2 TFlops performance and 60% parallel efficiency are attained.
